Introduction
B-cell development depends on the interaction with the BM microenvironment. 1, 2 The complex mixture of growth factors, extracellular matrix components, and stromal cells provides extrinsic signals that regulate growth, differentiation, and survival of either normal B-cell precursors and neoplastic cells of B-lineage acute lymphoblastic leukemia (ALL) B-ALL. 1,2 B-ALL is characterized by the clonal expansion of CD19-positive, neoplastic B-cell precursors at different developmental stages. Integrins represent an essential component of the BM microenvironment that regulates cell survival by interacting with the extracellular matrix. 3 ALL blasts grow and accumulate in close association with BM mesenchymal cells and this event is essential for the long-term survival and expansion of leukemic lymphoblasts in vitro, as shown clearly by different authors. [4] [5] [6] [7] [8] [9] Stromal cells may protect B-ALL cell lines from cytarabineand etoposide-induced cell death via a VCAM-1-dependent mechanism. 4 Activation of caspase-3 by Ara-C or VP-16 treatment is reduced on coculture of B lymphoblasts with stromal cell layers. 10 On the other hand, the interaction between VLA-4 on leukemia blasts cells and fibronectin or VCAM-1 on stromal cells activates PI3K/Akt/Bcl-2 signaling, an important pathway that determines B-ALL chemosensitivity and contributes to the persistence of minimal residual disease in B-ALL patients. 11, 12 BM stromal cells derive from mesodermal precursors, named mesenchymal stromal cells (MSCs), which are multilineage nonhematopoietic progenitor cells playing a key role in supporting lymphohematopoiesis and giving rise to different stromal cell lineages, as shown in vitro and partially in vivo. 13, 14 BM-MSCs express Notch ligands Jagged-1/-2 and Delta ligands, 15, 16 and MSC-derived osteoblasts regulate the HSC niche by using Jagged-1/Notch-1 signaling. 16 Interestingly, one of the redundant mechanisms involved in the immune regulatory effect of BM-MSCs is based on the interaction between Jagged-1, expressed by BM-MSCs, and Notch-1, expressed by immune effector cells. 15 The Notch signaling pathway is evolutionarily conserved and plays key role in cell-fate determination and differentiation in many tissues during embryonic and postnatal development. 17, 18 Four mammalian Notch receptors have been identified and designated as Notch1-4. 17, 18 The interaction of Notch receptors with membranebound ligands of Delta and Jagged families, that is, Delta-like 1 (DLL-1)/-3/-4, Jagged-1 and -2, is critical for Notch signaling. 17, 18 Ligand binding induces ␥-secretase-mediated cleavage and translocation of the Notch intracellular domain into the nucleus, where it interacts with the DNA-binding protein RBP-J to induce the expression of downstream target genes, such as Hes-1 and Deltex-1. 18 Jagged-1/-2 and DLL-1, commonly named as Delta/Serrate/LAG-2 (DSL) proteins, are ligands for Notch 1-4 18, 19 ; Delta-4 can bind and activate Notch-1 and -4 receptors, [18] [19] [20] whereas Delta-3 can bind and activate Notch-1 or similar Notch receptors. [18] [19] [20] [21] The Notch system plays an essential role in the hematopoiesis and in the embryonic development. 20 Disregulation of Notch signaling is associated with several human disorders, including cancer, 20 and is involved in the pathogenesis of T-cell ALL with the Notch involving translocation t(7;9)(q34;q34.3). 18, 22 However, little is known about the role of Notch signaling in B-ALL cell development and in leukemia cell interaction with stromal cells, although it may induce growth arrest and apoptosis in a wide range of neoplastic B-cell lines deriving from B-cell lymphomas. 23 In addition, culture BM-MSCs from multiple myeloma patients and normal donors may create a very efficient niche that supports the survival and proliferation of the myeloma cells. 24 For this reason, we carried out an ex vivo study on the role of Notch signaling in stroma-dependent survival of human common B-ALL cells collected from patients. In particular, we assessed the rate of apoptotic B-ALL cells in presence or absence of BM-MSCs from normal donors and B-ALL patients, and the contribution to B-ALL cell survival of the different Notch molecules expressed by either B-ALL blasts or BM-MSCs.
Methods

Samples and cell cultures
Human MSCs were obtained from normal BM samples collected from healthy donors after informed consent (hBM-MSCs). B-ALL cells were obtained from BM samples of 10 patients with newly diagnosed common B-ALL after informed consent according to the institutional guidelines and showing high blast count (median: 89.5%; range: 69-96); from 5 of these B-ALL patients, BM-MSCs (hBM-MSCs*, ie, hBM-MSC from B-ALL patients) were also obtained to carry out autologous coculture experiments (supplemental Table 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). hBM-MSCs and hBM-MSCs* were seeded at the density of 3.1 ϫ 10 4 cells/cm 2 and cultured in DMEM with 20% FBS, 1% L-glutamine, and penicillinstreptomycin (Sigma-Aldrich), at 37°C in 5% CO 2 and humidified atmosphere, as previously described. 15, 25 hBM-MSCs and hBM-MSCs* at passage 3 or 4, displaying a homogeneous mesenchymal immunophenotype (including CD105, CD44, CD73, CD146 marker expression) and multipotent differentiation potential (into osteoblastic, adipocytic, and chondrocytic lineages) were used for the coculture experiments. 15, 25 To study the capability of hBM-MSCs to support B-ALL cell survival, B-ALL cells were cultured alone and cocultured with hBM-MSCs at a 10:1 ratio for 3, 7, and 28 days. The expression of Notch molecules on both cell types were performed at 3 and 7 days and then most of the others experiments were performed at 3 days of culture.
Experiments with or without either inhibitors or blocking Abs against Notch molecules were carried out in 96-well plates with a confluent monolayer of stromal cells: 10 5 B-ALL cells were cultured in 200 L of RPMI 1640 medium supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin-streptomycine, without or with 10 4 adherent hBM-MSCs or hBM-MSCs*.
To study the specific relative basal sensitivity of B-ALL cells to GSI XII, B-ALL cells were cultured alone for 1 and 3 days and cocultured with hBM-MSCs for 3 days in presence of increasing concentrations of GSI XII. After that, to address whether the effects of GSI XII could be detected at different ratios, we evaluated the effects of increasing concentrations of GSI XII in hBM-MSC-induced survival of B-ALL cells after 3 days of coculture at 10:1 and 1:1 ratios. The effective concentration to kill 50% of B-ALL cells (EC 50 ) derived from the equations that best fit the linear range of the dose-response curve.
Stock solutions of hydrocortisone were diluted to appropriate concentrations with culture media to study the role of Notch in the protection of leukemic cells from chemotherapeutic agents. Cocultured B-ALL cells were separated from hBM-MSCs or hBM-MSCs* monolayer by careful pipetting with ice-cold PBS. hBM-MSCs or hBM-MSCs* were then trypsinized, stained with acridine orange, and counted in a Burker chamber using fluorescence microscopy.
In the supplemental Methods, the following methods are described in detail: flow cytometric analysis of the expression of Notch molecules, Notch inhibitors and neutralizing Notch molecules Ab treatments, recombinant Notch ligands and IL-6/-7 treatment, annexinV/7AAD apoptosis assay, cell-cycle analysis, measurement of caspase activity, MSC morphology assessment after culture with increasing concentrations of GSI XII, immunofluorescence staining, Western blot analysis, and quantitative RT-PCR (qRT-PCR).
Statistical analysis
Statistical analysis was performed by using the Student t test to compare 2 groups and 1-way ANOVA to compare multiple groups with the Holm-Sidak test used for internal comparison between multiple groups. P Յ .05 were considered statistically significant. Results were expressed as the mean Ϯ SD of 10 independent experiments from different human B-ALL donors. All statistical calculations were performed using STATA Version 10.0 (StataCorp). Figure 1 ). By contrast, Notch-2, although expressed at basal condition by B-ALL cells and hBM-MSCs, was down-regulated and became undetectable starting from day 3 on both cell types (Table 1, Figure 1 ). Notch-1 expression by hBM-MSCs in culture was similar to that observed during the coculture (Table 1, Figure  1 ). We then analyzed the expression of Notch ligands by both cell types after culture and coculture experiments. Jagged-1 was markedly up-regulated on B-ALL cells but not on hBM-MSCs after coculture for 3 days and 7 days (Table 1, Figure 2 ). We did not observe any Jagged-2 expression by hBM-MSCs during the coculture. The expression of Jagged-2, DLL-3 and -4 by B-ALL cells did not significantly change by the coculture, whereas the expression of DLL-1 was up-regulated on B-ALL cells from day 7 (Table 1, Figure 2 ). Jagged-1/-2 and DLL-1 expression by hBM-MSCs was below the detection limit either at basal conditions or after coculture. The expression of DLL-3 and -4 did not change in hBM-MSCs in both culture conditions (Table 1, Figure  2 ). Similarly to hBM-MSCs, hBM-MSCs* expressed Notch-1/-3 and -4; however, after B-ALL cells and hBM-MSCs* coculture (for 3 or 7 days), the expression of Notch-1/-3 and -4 was more dramatically up-regulated by both B-ALL cells and hBM-MSCs*, compared with what observed by using hBM-MSCs (supplemental Table 2A -B).
Results
Expression
Effects of Notch pathway inhibition on B-ALL cell and hBM-MSC functions
Dose-response curve showing the effects of increasing concentrations of GSI XII on B-ALL cells cultured alone for 1 day is shown in Figure 3 . In our primary B-ALL samples, low percentage of spontaneous apoptosis was observed (% CD19 ϩ annexin V ϩ cells: 11.6 Ϯ 2.3% at 1 day). Thus, we calculated the percentage of GSI XII-induced apoptosis, with the following formula: (test [inhibitor induced apoptosis] Ϫ control [spontaneous apoptosis]) ϫ 100/ (100 Ϫ control). 26 We found that there is a threshold concentration of GSI XII over which B-ALL cells undergo apoptosis: GSI XII dramatically decreased the survival of B-ALL cells at concentrations above 12.5M and had no significant effect at lower concentrations; the effective concentration (EC 50 ) was 13.9M.
On the other hand, we observed that at up to 20.0M concentration for 3 days, GSI XII did not induce apoptosis or favor morphologic changes of hBM-MSCs. By contrast, apoptotic cells (nuclear condensation and apoptotic bodies), as well as clear morphologic changes were observed in hBM-MSCs treated with GSI XII at 40.0M (supplemental Figure 1) .
To confirm these results, we studied the viability of hBM-MSCs by using flow cytometry with Abs directed against the active Caspase-3 after 3 days of culture in presence of increasing concentrations of GSI XII. As shown in supplemental Figure 2A and B, active Caspase-3 expression was not induced in hBM-MSCs up to GSI XII concentrations of 15.0M. Because activation of Caspase-3 is a hallmark of death receptor-mediated apoptosis, our results support the hypothesis that inhibition of signaling pathways with small-molecule inhibitors may promote death receptor-mediated apoptosis, as has been shown with heat shock protein inhibition. 27 However, GSI XII concentrations lower than 12.5M did not affect either B-ALL cell or BM-MSC survival. In addition, we cultured hBM-MSCs with increasing concentrations of GSI XII for 3 days and we evaluated the mesenchymal marker expression by using flow cytometry. We observed that GSI XII did not affect significantly mesenchymal immunophenotype at concentrations up to 40.0M and that hBM-MSCs, displaying active Caspase-3, normally expressed hBM-MSC markers (supplemental Figure 3) .
Effects of GSI XII in hBM-MSC-induced survival of B-ALL cells
We observed that the coculture of B-ALL cells with hBM-MSCs significantly increased the number of surviving B-ALL cells, compared with that obtained by culturing B-ALL cells alone at the same conditions ( Figure 4A) . GSI XII at low concentrations had no specific detectable cytotoxic effects on B-ALL cells either cultured alone or cocultured for 3 days with hBM-MSCs at 10:1 and 1:1 ratios ( Figure  4B -C). GSI XII was capable of inhibiting specific apoptosis at concentrations below 2.0M (10:1 ratio) and 8.8M (1:1 ratio). However, higher concentrations of GSI XII promoted specific apoptosis of B-ALL cells in both culture conditions ( Figure 4B-C) . Thus, the reciprocal interactions among B-ALL cells via Notch signaling play an important role in cell survival.
Notch-3 and Notch-4 are involved in hBM-MSC-induced survival of B-ALL cells
To fully describe and better understand the role of each single Notch molecule or the whole Notch pathway in the supportive/ protective ability of MSCs within the B-ALL microenvironment, we first added blocking Abs against Notch molecules to B-ALL Table 3 , supplemental Figure 4 ). However, Notch-3 and -4 appeared to be mostly involved in both hBM-MSC-and hBM-MSC*-induced B-ALL survival, as well as in the survival of B-ALL cells cultured alone, whereas Notch-1 had little effect in the same conditions (Table 2, Figure 5 , supplemental Table 3 , supplemental Figure 4 ). We did not find a significant change in the percentage of overall live B-ALL cells at 3 days after coculture with hBM-MSCs* in presence of blocking receptor Abs, compared with that obtained with hBMMSCs in the same conditions (supplemental Table 3 , supplemental Figure 4 ).
Jagged-1, Jagged-2, and DLL-1 are involved in hBM-MSC-induced survival of B-ALL cells
By blocking either Jagged-1, -2, or DLL-1, a significant reduction of the survival of B-ALL cells in both culture conditions was achieved (Table 2, Figure 6 ). By contrast, blockade of either DLL-3 or -4 had little effect on B-ALL cell survival in both culture conditions (Table 2, Figure 6 ). The combination of anti-Jagged-1, -2, and DLL-1 was more efficient than the use of each single neutralizing Ab in the promotion of survival of B-ALL cells cultured in both conditions (Table 2, Figure 6 ).
The addition of anti-DLL-3 and -4 to the mixture of anti-Jagged-1/-2 and anti-DLL-1 did not modify B-ALL cells survival, thus suggesting the major role of the loop between Notch-3 and -4 and their ligands Jagged-1/-2 and DLL-1 in B-ALL cell survival in both culture conditions (Table 2, Figure 6 ). These results indicate that Jagged-1/-2 and DLL-1 or Notch-3 and -4 pathways have some different downstream targets involved in the prevention of apoptosis in B-ALL cells.
To confirm the role of Notch ligands in B-ALL cells survival, we directly stimulated the Notch receptors by adding exogenously their recombinant Notch ligands. We observed that biologically active Jagged-1/-2 and DLL-1 significantly enhanced B-ALL cells survival in both culture conditions, whereas DLL-3 and -4 did not ( Figure 7A-B) . To identify some different downstream targets of Notch signaling pathway involved in the prevention of apoptosis in B-ALL cells in direct contact with either hBM-MSCs or hBM-MSCs*, we assessed by flow cytometry the expression of active Caspase-3, VEGFR2, and IL-7R in B-ALL cells cocultured for 3 days. We observed that active Caspase-3, VEGFR2, and IL-7R are weakly expressed in B-ALL cells at basal conditions, whereas Bcl-2 is highly expressed as previously shown. 28 Active Caspase-3 downregulation and Bcl-2 overexpression in B-ALL cells were further even more evident after coculture of B-ALL cells with hBMMSCs. By contrast, active Caspase-3 down-regulation and Bcl-2 overexpression were reverted by adding either anti-Notch-3 ϩ antiNotch-4 Abs or GSI XII (supplemental Figure 5A-D) . Treatment with anti-Notch-3 ϩ anti-Notch-4 or GSI XII resulted in Ͼ 50% of the B-ALL cells expressing activated caspase-3 (supplemental Figure 5A ). The addition of blocking anti-Notch-1 had little effect on the expression of active Caspase-3, IL-7R, VEGFR2, and Bcl-2 For personal use only. on January 15, 2018. by guest www.bloodjournal.org From by B-ALL cells in coculture (data not shown). IL-7R and VEGFR2 expression did not significantly increase on coculture whereas only IL-7R was up-regulated by adding either anti-Notch-3 and -4 Abs or GSI XII (supplemental Figure 5B-C) .
To verify the pathway inhibition triggered by Notch, Western blot analysis was performed to verify that downstream target of the Notch pathway was indeed inhibited. As shown in supplemental Figure 5E , the treatment of B-ALL cells with either anti-Notch-3 ϩ Notch-4 Abs or GSI XII resulted in the loss of Hes-1 and Bcl-2 protein expression. These data confirm the inhibition of the Notch pathway in B-ALL cells after the treatment with inhibitors. Hes-1 and Bcl-2 were 2-and 3.5-fold overexpressed, respectively, in B-ALL cells cocultured with hBM-MSCs*, compared with B-ALL cells cocultured with hBM-MSCs. Moreover, the addition of recombinant IL-6 and IL-7 did not affect the survival of B-ALL cells cocultured with hBM-MSCs or hBM-MSCs* (data not shown).
Notch signaling promotes the chemoresistance of human B-ALL cells in direct contact with stromal cells
The effect of chemotherapeutical agents on B-ALL cell survival was assessed by treating B-ALL cells with increasing doses of hydrocortisone. We evaluated the lowest dose of hydrocortisone that induced specific apoptosis in B-ALL cells without modifying hBM-MSCs in 1-day culture. We found that treatment with increasing concentrations of hydrocortisone resulted in a dosedependent decrease in B-ALL cells viability. We then cultured B-ALL cells without or with hBM-MSCs in absence or presence of hydrocortisone, by adding either anti-Notch-3, -4, or GSI XII for 3 days period. Hydrocortisone promoted apoptosis of B-ALL cells in culture alone, but a consistent increase in the overall number of live B-ALL cells was observed in coculture (supplemental Table 5 , supplemental Figure 6A ). Interestingly, blockade of Notch-3 and -4 or all Notch signaling by GSI XII in presence of hydrocortisone dramatically decreased the level of overall live B-ALL cells in coculture (supplemental Table 5 , supplemental Figure 6A ).
On the other hand, we asked whether there is a direct functional link between the Notch pathway and corticosteroid-induced apoptosis. To address this question, we performed flow cytometric analysis to determine whether the blockade of Notch-3 and Notch-4 or whole Notch signaling affects the expression of active Caspase-3 and Bcl-2 in B-ALL cells in culture and coculture conditions in presence of hydrocortisone for 3 days. We observed that active Caspase-3 is overexpressed in B-ALL cells in culture alone in presence of hydrocortisone, whereas Bcl-2 is weakly expressed (supplemental Figure 6B-C) . Active Caspase-3 downregulation and Bcl-2 over-expression in B-ALL cells were further observed after coculture of B-ALL cells with hBM-MSCs in presence of hydrocortisone.
By contrast, active Caspase-3 down-regulation and Bcl-2 overexpression were reverted by adding either anti-Notch-3 ϩ antiNotch-4 Abs or GSI XII in presence of hydrocortisone (supplemental Figure 6B-C) . Similar results were obtained by coculturing B-ALL cells with hBM-MSCs* in presence of hydrocortisone with or without blockade of Notch pathway (data not shown).
Furthermore, we did not find B-ALL cell proliferation in coculture with either hBM-MSCs* or hBM-MSCs in presence of hydrocortisone with or without blockade of Notch pathway (supplemental Table 6 ). In the whole samples, we observed a significant decrease of the percentage of B-ALL cells in S-phase (P Ͻ .02) and 
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For personal use only. on January 15, 2018. by guest www.bloodjournal.org From a significant increase of the percentage of B-ALL cells in G0G1-phase peak induced by treatment.
When grown on a layer of either hBM-MSCs* or hBM-MSCs in presence of hydrocortisone with or without blockade of Notch pathway, we observed a higher proportion of cells in G0G1 phase with a very low proportion of B-ALL cells in S and G2/M phases, without significant differences between hBM-MSCs and hBMMSCs* (supplemental Table 6 ) 
Discussion
The interactions between BM stromal cells and lymphohematopoietic precursors are essential for the regulation of survival, proliferation, and differentiation of normal and neoplastic hematopoietic precursor cells. 1, 10, 16, 23, [29] [30] [31] [32] [33] [34] After coculture of AML and ALL cells with stromal cell layers, the expression of genes involved in leukemic cell survival/growth, such as Bcl-2, is significantly enhanced, accounting in part for protection of leukemic cells from chemotherapeutic agents. 29, 30 From a general point of view, the identification of signaling pathways involved in the stromal cell-dependent protection of neoplastic cells from apoptosis is crucial for the development of novel therapeutic targets. Many different signaling molecules are involved in the reciprocal interactions between BM stroma and neoplastic cells. Among them, the stromal Notch-1 pathway activation represents a common feature in T-ALL development, compared with AML and B-ALL. 22 Notch signaling may induce cell-cycle arrest in a variety of neoplastic cells. [35] [36] [37] [38] For instance, culture BM-MSCs from multiple myeloma patients and normal donors may create a very efficient niche that supports the survival and proliferation of the myeloma cells 24 ; in this disease, BM stroma-mediated activation of Notch-1 signaling up-regulates p21, resulting in growth inhibition and protection from chemotherapy-induced apoptosis in myeloma cells. 33, 38 In addition, myeloma cells overexpress Jagged-2 when in direct contact with stromal cells, and escape from apoptosis; Jagged-2 triggering induce the secretion of IL-6, VEGF, and insulin like growth factor-1 (IGF-1) in stromal cells. 38 By contrast, in B-ALL the potential role of the Notch signaling pathway in the interaction of leukemic cells with BM stromal cells during the leukemogenic process is mostly unclear. Thus, we assessed in this study the role of Notch signaling in stromadependent B-ALL cell growth and survival. To this purpose, we used hBM-MSCs that represent quite a homogeneous stromal cell population with hematopoiesis-supporting capabilities and immune regulatory properties, shared by all their BM stromal cell progeny. 14, 15, 16, 39 In fact, hBM-MSCs are capable of promoting the growth and accumulation of normal lymphocytes and leukemic lymphoblasts. [4] [5] [6] [7] [8] [9] hBM-MSCs normally express molecules of the Notch family that are strictly associated with some of their functions. 15 In our experiments, B-ALL cells cultured in vitro without MSCs underwent progressive and time-dependent apoptosis; by contrast, MSCs dramatically increased the survival of B-ALL cells, as previously shown. [4] [5] [6] [7] [8] [9] In particular, MSCs obtained from B-ALL patients (hBM-MSCs*) and cocultured in autologous conditions supported B-ALL cells survival even better than MSCs from normal donors (hBM-MSCs). By contrast, the ability to support the survival of normal B cells, as well as the immune-regulatory properties toward T cells, did not differ in MSCs from normal and B-ALL patients. This effect was reverted by inhibiting the entire Notch signaling pathways with the GSI XII, thus suggesting that some molecules of the Notch family were involved in stromal For personal use only. on January 15, 2018. by guest www.bloodjournal.org From cell-mediated rescue of B-ALL cells from apoptosis. Actually, Notch signaling seems to have a role in cell survival also independently from the interaction with hBM-MSCs or hBMMSCs*. However, the presence of hBM-MSCs or hBM-MSCs* significantly enhanced this phenomenon. In fact, B-ALL cell and hBM-MSC coculture led to a significant overexpression of Notch ligands on B-ALL cells, as well as a more dramatic overexpression of Notch-1/-3 and -4 on cocultured B-ALL cells and hBM-MSCs*, compared with that obtained by coculturing B-ALL cells and hBM-MSCs. Blocking and stimulating experiments demonstrated that Notch ligands Jagged-1/-2 and DLL-1 synergistically interact with Notch-3 and -4 on both cell types and promote B-ALL cell survival. Consequently, Notch-3 and Notch-4 blocking led to the same effect obtained by using GSI XII and were mostly responsible for the stromal cell-mediated antiapoptotic effect observed in cocultured B-ALL. Other receptors of the Notch family, such as Notch-1, seem to be less effective in preventing B-ALL cell from spontaneous apoptosis, as previously described by other authors. 16 Coculture experiments of B-ALL cells with hBM-MSCs or hBM-MSCs* in Transwell conditions show that the enhancement of B-ALL cell survival is not only because of the direct contact of B-ALL cells with hBM-MSCs or hBM-MSCs* but also to soluble molecules that are released by MSCs. On the other hand, we demonstrated that Notch signaling decreased active Caspase-3 expression, inhibited IL-7R expression, and did not affect significantly VEGFR2 expression in B-ALL cells, and that soluble factors such as IL-6, IL-7, and VEGF, whose role has been previously described in other hematologic malignancies and experimental conditions, 11, 37 did not affect B-ALL cell survival. On the other hand, Notch-3-and -4-dependent prosurvival effect of hBMMSCs or hBM-MSCs* was associated with the maintenance of Hes-1 and Bcl-2 expression in B-ALL cells, together with the down-regulation of active Caspase-3, as shown by the blocking experiments with anti-Notch-3 and -4 Abs. These findings are in agreement with previous data showing the role of Bcl-2 signaling in the persistence of B-ALL residual clones after chemotherapy. 11, 12 Our data suggest that Notch-3 and -4 signaling are involved in the chemo-resistance of B-ALL cells in direct contact with hBM-MSC' or hBM-MSC after hydrocortisone exposure. Indeed, classic inhibitors of mitochondrial-dependent cell death, such as Bcl-2 and Bcl-xL as well as inhibitors of apoptosis (IAPs), are reported to work at least in part by directly binding and inhibiting some caspases, including caspase-3, -7, and -9. [40] [41] [42] [43] [44] [45] [46] [47] [48] We found that Notch-3 and -4 signaling up-regulated Bcl-2 and down-regulated active Caspase-3 in B-ALL cells cocultured with hBM-MSCs or hBM-MSCs* in absence or presence of hydrocortisone. Furthermore, the ability of Notch-3 and -4 signaling to confer resistance to hydrocortisone by up-regulating Bcl-2 in all cases of B-ALL cells cocultured with hBM-MSCs or hBM-MSCs* indicates that this effect may occur at least in part through a Bcl-2-dependent mechanism.
Considered together, hBM-MSCs and hBM-MSCs* contribute to the survival of B-ALL cells by activating Notch signaling, which plays a role also in reciprocal interactions among B-ALL cells. Notch-3 and -4 are mainly responsible for these phenomena and could become specific targets for the treatment of human B-ALL aimed to lower leukemic cell survival after proapoptotic stimuli, such as chemotherapy.
